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Dr William M. DeCampli (Orlando, Fla). Thank you. This
was a very well-presented paper, Dr Giardini.
I applaud the authors’ use of high-resolutionMRI data for appli-
cation to wave intensity analysis. They have nicely corroborated
evidence previously published in 2010 showing that the Norwood
arch becomes stiffer than the normal aorta. This method is actually
a very accurate way of determining the vascular wall stiffness.
The authors used these data, however, to make some rather
broad inferences about ventricular function. The reference stan-
dard for quantifying intrinsic myocardial function, ventricular ar-
terial coupling, and myocardial energy efficiency is the
determination of ventricular end-systolic elastance and effective
arterial elastance from ventricular pressure–volume loops. These
quantities cannot be determined with wave intensity alone. Given
that, combining the authors’ technique with the acquisition of in-
stantaneous ventricular pressure data could yield powerful infor-
mation about the interpretation of the waves seen in wave
intensity analysis and a new level of understanding of single ven-
tricle function.
I have 3 questions, as follows:
The physical meaning of your ‘‘wave intensity’’ is somewhat
abstruse, because it is not really an energy flux but seems to
have units of meters cubed per second. This quantity is not very
intuitive. You can calculate the more traditional energy flux from
your data, however, because there is a direct, in fact, causal rela-
tionship between the changes in pressure and cross-sectional
area. How does this more physically intuitive quantity compare be-
tween your 2 groups?
DrGiardini.We do not have invasive pressure data to be able to
calculate the standard wave intensity, 1 of the limitations of our
study. However, we believe it is probably also 1 of the strengths,
because we were actually able to collect this information com-
pletely noninvasively. In particular, we were able to collect it at
the specific point of interest in the ascending aorta, which I believe
is another strength. With this technique, we are able to measure the
wave intensity at different levels in the aortic arch, for example, if
we are interested. As you pointed out, traditionally, calculation of
wave intensity analysis is determined from the pressure and flow
velocity data, and the result is a value expressed as watts divided
by square meters. We have proposed a new formulation of wave
intensity analysis using the area and flow velocity, which has
a very sound basis in the conservation of mass and conservation
of momentum. Also, because we are actually using the area anddiovascular Surgery c Volume 144, Number 6 1313
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Dvelocity as variables, the results will be expressed in this unit.
Thus, they do not necessarily translate in one of each other, but
they are a representation of the same phenomenon.
Dr DeCampli. In 2005, Nakayama and coworkers empiri-
cally showed that wave intensity was, in fact, preload depen-
dent. Specifically, they showed that if one indexed the wave
intensity to the square of the end-diastolic volume, one achieved
the best-fit empirical correlation with ventricular end-systolic
elastance.
Now, you indexed your wave intensity to the SV. What physical
rationale did you have to do this, and how do you know that was the
appropriate method to index it?
Dr Giardini.We are aware of the report you cited and actually
because of that, we have been considering whether we should in-
dex wave intensities according to ventricular volumes.We actually
have that information. However, a large body of evidence suggests
that wave intensity analysis results that are not adjusted for any
preload dependence seem to be very closely related to invasively
measured dP/dT and with the LV relaxation coefficient t; thus,
we were not compelled by that need to index our data for preload.
The only adjustment we made was indexing the wave energy for
SV because we had some degree of correlation with SV. We
wanted to create a variable that could be, to a certain degree, inde-
pendent of the SVand would express how efficiently the ventricle
is able to eject blood and which energy is associated with each mil-
liliter of ejection produced.
Dr DeCampli. Finally, in wave analysis of the Norwood group,
one would expect to see reflected or backward waves, in addition
to forward waves, and very probably by the end of systole. These
are the waves that actually add to ventricular afterload and can ad-
versely affect ventricular function.Wherewere the reflected waves
in your analysis?
Dr Giardini.We have not analyzed those data, but actually in 1
of the graphs that I showed some reflected waves were represented,
which actually tended to occur quite early in systole. The study of
wave reflection with this technique is our next area of interest. We
will return and study the reflected waves, especially at this time,
including patients with aortic coarctation in whom we expect
much wave reflection.
Dr J. William Gaynor (Philadelphia, Pa). Thank you, I en-
joyed that very much.
Which part of the arch is responsible for most of the effect? In
particular, how much did geometry affect it? Because we fre-
quently see that it is bulbous in the transverse arch, narrows1314 The Journal of Thoracic and Cardiovascular Surdown, and is smaller in the ascending. Is there a specific part of
the arch, or is it a sum of everything? How we tailor the arch might
be as important as what material we use. Unfortunately, it always
seems bulbous in some places along the arch.
Dr Giardini. You are correct that for practical purposes, if we
are thinking about how to make that part of the circulation better, it
is very important to consider the size and the shape of the aortic
arch. Most of the effect we have seen seems to be due to the size
of the proximal ascending aorta and less to the nature and charac-
teristic of the patch, although we could demonstrate that the patch
has an effect, because the 2 arteries are just behaving differently
beyond the effect of the difference in size.
Dr Christopher A. Caldarone (Toronto, Ontario, Canada). I
would like to ask a follow-up question to that. By measuring the
distensibility in the ascending aorta, it is necessarily adding the
component of the patch and the native aorta, together, in the indi-
vidual patient and you are comparing that with controls who do not
have a patch. However, you are not able to address the question of
whether the aorta itself is less distensible or more distensible. But
you could do so if you compared the proximal descending thoracic
aorta in both groups. Have you thought of doing that analysis?
DrGiardini.We have data regarding that, and wewere actually
able to demonstrate that the descending thoracic aorta has normal
elastic properties in HLHS; therefore, probably it is not a diffuse
arterial disease as far as we understand it.
Dr Shunji Sano (Okayama, Japan). I reconstructed the neo-
aorta, and most of the time in direct anastomosis without any ho-
mograft or foreign materials. From your conclusion, is this
technique different from the homograft patch to reconstruct the
neoaorta?
Also, I am always just worried about the size. When I recon-
struct the neoaorta without any patch, the ascending aorta is quite
large, and then, suddenly, the descending aortic size is down. If you
have a large homograft, the size gradually decrease, changes. Is
there any difference in this discrepancy, distensibility, or is there
an energy loss of the size?
Dr Giardini. We do not have that data in our population, be-
cause all our patients were treated uniformly with the use of a ho-
mograft patch. Thus, we do not have any patient who has
undergone that type of Norwood operation without any patch ma-
terial. I think there could be an advantage in doing that. Something
else we were not able to estimate was the presence of a circumfer-
ential suture line, which clearly has to have also an effect, espe-
cially in terms of wave reflections.gery c December 2012
